The objective of this study was to investigate methods for improving the yield of acid soluble mustard protein isolate (SPI) by solubilizing isoelectrically precipitated protein isolate (PPI). The SPI is more valuable, as it can be used in unique food applications. Four treatments were tested in the acidic pH range: Alcalase hydrolysis; transglutaminase cross-linking; salting in with NaCl, Na 5 P 3 O 10 , and (NaPO 3 ) 6 ; and protective colloid formation with pectin. The effectiveness of each treatment was determined by measuring the increase in nitrogen solubility (AOCS-Ba11-65). Alcalase hydrolysis improved PPI solubility evenly in the 2.5-3.5 pH range, effectively eliminating the solubility minimum near the isoelectric point. At pH 3, the hydrolysis treatment increased solubility from ~20% to a maximum of ~70% (0.04 g of enzyme preparation / g PPI, 2 h, pH 8.5, 50-55 o C). Protein hydrolysis during isolate production could increase the yield of SPI from 0.16 to 0.75 kg per kilogram of mustard protein.
Introduction

Background
During the past two decades, there has been increasing interest in developing nutritious soft drinks, both for improved health and athletic performance in the industrialized world and for providing nutritional supplements in the developing world. While soya has been the most widely used vegetable protein, soy protein isolates and concentrates are not acid soluble, making them unsuitable for making clear carbonated beverages. Concerns about soy allergens and genetically modified organisms (GMOs) also encourages search for an alternative. The Food Engineering Group at the University of Toronto has developed a process to extract protein isolates from mustard seeds (US Patent 6,905,713 (2005) ) that have a well-balanced essential amino acid composition and are free of the allergens typically found in soybeans.
The process results in two protein isolates: precipitated protein isolate (PPI: 80-90 wt% protein, dry basis, Nx6.25) and an acid-soluble protein isolate (SPI: 90-100 wt% protein, dry basis, Nx6.25) (Diosady & Chen, 2007) . While PPI behaves similarly to soy protein, and can substitute it in many applications, SPI has high nitrogen solubility (> 90 wt%) at nearly all pH values, opening unique applications in carbonated and acidic beverages (Diosady & Chen, 2007) .
The yield of PPI is typically much higher than that of SPI (Diosady & Chen, 2007) . It would be economically beneficial if the yield of SPI could be increased by converting some or all of the PPI to SPI. Accordingly, the objective of this study was to develop methods for improving the yield of SPI by increasing PPI solubility in the acidic pH range (2 to 4.5). Four solubility enhancing treatments were tested: enzymatic hydrolysis (Alcalase), enzymatic cross-linking (transglutaminase), the addition of solutes to "salt in" the protein (sodium chloride, sodium tripolyphosphate, and sodium hexametaphosphate), and the use of pectin, a stabilizing agent, to form a protective colloid around the PPI. The effectiveness of each treatment was characterized in terms of increased nitrogen solubility.
proteins. Ions that "salt in" protein are thought to do so by interacting with the charged groups on the surface of proteins and decreasing the electrostatic attraction between opposite charges of neighboring protein chains or molecules (Charalambous & Doxastakis, 1989) . It was therefore an attractive potential approach for us to investigate.
In general, the concentration at which neutral salts may increase the solubility of proteins is in the order of 0.5 to 1 M (Snow, 2007) . At concentrations greater than 1 M, the protein solubility decreases and may result in precipitation. This "salting out" arises from the competition between the protein and salt ions for water molecules for solvation. At high salt concentrations, most of the water molecules will preferentially bind to the salts, leaving the protein without enough water molecules for its own solvation. This causes protein-protein interactions to become stronger than the solvent-protein interactions, which leads to protein aggregation and, in some cases, precipitation (Cheftel, Cuq, & Lorient, 1985; Ellinger, 1972) .
The effects of sodium chloride (NaCl), sodium tripolyphosphate (STPP; Na 5 P 3 O 10 ), and sodium hexametaphosphate (SHMP; (NaPO 3 ) 6 ) on mustard PPI solubility were tested because they have been shown in the literature to improve protein solubility. They are recognized as safe for human consumption, within specified limits, and are commonly used in various processed foods. One drawback, however, to the use of ionic salts in improving solubility is that the addition of these may impart an unpleasant flavour to the final food product. Below 0.5 wt% the added salt typically will not overpower the flavour of the product. Unfortunately, this is also the threshold at which some charged ions begin to have a solubility enhancing effect.
Another approach to solvent environment modification is to form a protective colloid around the surface of the PPI resulting in a stable protein dispersion. A protective colloid forms when lyophilic particles become adsorbed in a thick layer onto the surface of other particles, the "protected particles" (Buzagh, 1937) . This results in the "protected particles" acquiring the properties of the lyophilic colloidal solution (Lam, Shen, Paulsen, & Corredig, 2007) .
Pectin is a commonly used lyophilic stabilizing agent. Mixing pectin with protein isolates in solution results in a homogenous dispersion which remains stable over long periods of time and which is resistant to heat-treatments (Lam et al., 2007; CP Kelco, 2004) . In addition, pectin also contributes positively to flavour, and it can be used to control texture, viscosity, and mouthfeel in the final product (Lam et al., 2007; CP Kelco, 2004) .
Pectin is a polysaccharide that is typically prepared from the peels of citrus fruits and apples (Lam et al., 2007; CP Kelco, 2006) . Its functionality depends on its overall charge and its charge distribution on its chain. The overall charge of the pectin is negative in solutions of pH greater than 3.5. For this reason pectin is expected to help disperse mustard PPI at pH values between 3.8 and 4.2. In this pH range, the pectin will be negatively charged and the protein isolate will be very weakly positively charged (as this is close to the isoelectric point). This results in the attraction of the pectin to the protein, binding, and formation of a protective colloid on the protein's surface (Lam et al., 2007; CP Kelco, 2004) . The negatively charged protein surface will repel neighbouring protein particles, resulting in a stable dispersion. Outside of the 3.8 to 4.2 pH range, however, pectin may actually enhance protein precipitation.
Protein Modification
The protease chosen for this study was Alcalase (Substilisin Carlsberg, E.C. 3.4.21.14). Alcalase is a serine endopeptidase (a protease that contains serine in its active centre) which cleaves on the carboxyl side of hydrophobic amino acids (Walsh, Cleary, McCarthy, Murphy, & FitzGerald, 2003) . Proteases are typically used in the food industry to produce soluble hydrolyzates of animal and vegetable proteins and heat or solvent-denatured proteins (Cheftel et al., 1985; Walsh et al., 2003; O'Meara & Munro, 1984) . They improve the solubility of proteins by cleaving these into smaller, highly charged molecules with a greater surface area available for interaction with the solvent. Alcalase was chosen for the hydrolysis experiments because it is relatively inexpensive and has been shown to be one of the most effective proteolytic enzymes for solubilizing protein (O'Meara & Munro, 1984) . Moreover, it is widely used in the food industry, and its reaction conditions are less conducive to microbial growth than those of other enzymes.
The cross-linking enzyme used in this study was transglutaminase (λ-glutamyltransferase, E.C. 2.3.2.13, referred to as Tgase in this paper). Tgase modifies proteins by catalyzing the formation of a covalent bond between a λ-carboxyamide (from glutamine) and lysine and forms an ε-(λ-glutamyl) lysine cross-link (Walsh et al., 2003; Wartiovaara, 1999) . In the food industry, Tgase is commonly used in the processing of dairy, seafood, meat, soy, and bakery products, and has been reported to reduce the bitterness of several types of protein hydrolyzates (including milk and gluten hydrolyzates) (Blinkovsky, Brown, Golightly, Byun, Mathiasen, Kofod, Fujii, & Marumoto, 2002; Watanabe, Arai, Tanimoto, & Seguro, 1992) .
Tgase is a cross-linking enzyme and therefore increases the molecular mass of proteins by stitching peptide chains together covalently. This is known to cause a decrease in solubility as it induces aggregation (Cheftel et al., 1985; Dixon & Webb, 1979) . Moreover, cross-linking the ε-amino groups of lysine residues usually results in decreased protein solubility (Cheftel et al., 1985) as it results in the linking of two polar amino acids (lysine and glutamine) thus eliminating their ability to interact with the solution environment. However, in 2003, Walsh et al. (2003) used enzymatic cross-linking to improve the solubility of hydrolyzed protein isolates. It was hypothesized that Tgase increases the protein's solubility by improving its interaction with water by increasing the exposure of the protein's hydrophilic groups to the solution environment (Walsh et al., 2003) . Thus, the combined use of proteolysis with Tgase cross-linking was also explored in this study.
Materials and Experimental Methods
Materials
The protein products used for this study were yellow mustard PPI produced in a pilot-scale test in the RTech Laboratories (St. Paul, MN, USA). The enzymes used in these tests were: Alcalase® (E.C. 3.4.21.14; Subtilisin Carlsberg, also known as Subtilisin A; a serine protease from Bacillus licheniformis; enzyme activity equal to 2.67 Anson Units per gram of preparation; Product No. P4860, Sigma-Aldrich™, St. Louis, MO, USA) and transglutaminase (E.C. 2.3.2.13; Activa-TI powder containing calcium independent transglutaminase and maltodextrin; 100 units of enzyme activity per gram of powder; Ajinomoto Food Ingredients LLC, Chicago, IL, USA). The salts used in these experiments were: sodium hexametaphosphate ((NaPO 3 ) 6 , analytical grade; BDH Chemicals Ltd., Poole, England), sodium chloride (NaCl, analytical grade; EMD™, Gibbstown, NJ, USA), and sodium tripolyphosphate (STPP; Na 5 P 3 O 10 , analytical grade; Sigma-Aldrich™, St. Louis, MO, USA). The pectin used was a sample received from CP Kelco (GENU® Pectin Type YM-100-L; containing pectin standardized with sucrose; CP Kelco, San Diego, CA, USA).
The protein content of the precipitated mustard protein isolate was determined to be 81.5 ± 2.40 wt% on oil and moisture-free basis. This result was consistent with previous work reported by our group. The PPI used in this work had a low protein content because the starting material was not completely de-oiled during pilot-scale test production.
Solution Modification Treatments
A set amount of a solute was added to the PPI solution during the dissolution stage of the Nitrogen Solubility Index determination procedure. For the pectin experiments, the pectin was first mixed with 200 ml of distilled water, heated to 70 o C, blended, and then added to the PPI powder (as was recommended by CP Kelco (2004) and Lam et al. (2007) ). The Nitrogen Solubility Index was then determined.
Enzymatic Treatments
The PPI was treated with Alcalase within the concentration range of 0.02 to 0.06 g of Alcalase preparation per g of PPI, at 50 o C and 60 o C, for varying lengths of time (0.5 h to 24 h). The reactions were carried out at pH 8.5, which is the optimum pH for Alcalase hydrolysis according to Novo Industri A/S (1978). The concentration of endopeptidases conventionally used in industry ranges from 0.001 to 0.08 Anson Units (AU) per g of system protein (this range is equivalent to 0.0008 AU to 0.06 AU of enzyme preparation per g of PPI) (Blinkovsky et al., 2002) . The majority of the experiments in this section were conducted at an enzyme concentration of 0.04 g of enzyme per g of PPI sample (0.1 Anson Units per g of PPI) as it represents the maximum amount of Alcalase that would be acceptable for commercial use.
After enzymatic treatment, enzymes are typically deactivated by heating to temperatures in the range of 70 to 100 o C (Walsh et al., 2003; Dixon & Webb, 1979) . However, denaturation by means of heat at these temperatures may cause a significant decrease in protein solubility (Cheftel et al., 1985; deMan, 1999) . Since enzymes are active only over a very limited pH range, it was decided instead to deactivate the Alcalase by lowering the solution pH to 3.5 and cooling the solution in the refrigerator immediately after completing the treatment. This pH and temperature is well outside the enzyme's activity range (Blinkovsky et al., 2002; Dixon & Webb, 1979) . Care was taken to not subject the PPI solution to a pH > 5 again during the remainder of the experiment to avoid reactivating the enzyme. After the enzyme deactivation step, the solution was flash frozen with liquid nitrogen and lyophilized over a period of two to three days. The dry, treated protein was then manually pulverized with a mortar and pestle and its Nitrogen Solubility Index was determined.
The progress of the hydrolysis reaction was measured by calculating the degree of hydrolysis (%DH). This was done by potentiometric titration of the protons released during protein hydrolysis at the constant reaction pH of 8.5. The formula below was used to calculate the degrees of hydrolysis incurred by the PPI protein. According to www.ccsenet.org/jfr Journal of Food Research Vol. 4, No. 6; 2015 Cheftel et al. (1985 , the average pK of α amino groups varies from 7.7 at 25 o C to 6.9 at 60 o C. Assuming that the pK value follows a linear relationship from 25 o C to 60 o C, the pK value for this experiment (conducted at ~55 o C) was calculated to be 7.0. This results in an alpha value of 0.97.
%DH =
1 × mol alkali added per g of protein mol of peptide bonds per g of protein × 100%
Where α is the average dissociation coefficient of alpha-amino groups:
During the hydrolysis reaction, each cleaved peptide bond results in one neutral α-amino group and one ionized carboxyl group. Therefore, each mole of NaOH required for maintaining the solution pH at a constant of 8.5 is equivalent to one mole of hydrolyzed peptide bonds. The cumulative moles of NaOH required were determined by measuring the cumulative NaOH volume used during the reaction.
According to Dixon and Webb (1979) , the moles of peptide bonds per gram of protein can be estimated from the amino acid composition of the protein. The amino acid profile of our PPI was determined by the Toronto Hospital for Sick Children HSC Advanced Protein Technology Centre. The information from this amino acid profile was used to calculate the moles of peptides per gram PPI. by assuming that the number of amino acid residues present in the protein is equivalent to the number of peptide bonds in the protein. The calculated value of 0.00612 moles of peptides per gram PPI is in fact a minor overestimation as the terminal amino acid residues are counted into the final number.
The procedure used for the enzymatic hydrolysis experiments was also used for the cross-linking experiments. The reactions were carried out at 55 o C and pH 6.5, as recommended by Ajinomoto Food Ingredients LLC (2007).
Analytical
The Nitrogen Solubility Index (NSI) was determined using the standard AOCS Ba11-65 method with minor modifications. Briefly, a 5 g sample of PPI powder was mixed with 250 ml of distilled water (125 rpm, 120 min, 30 o C, at a constant pH) and was then decanted, centrifuged (1,500 rpm, 10 min), and filtered with glass wool. The final solution contains protein deemed to be soluble (5). The concentration of the protein for each prepared solution was then determined in triplicate (alongside one blank control) by the standard Kjeldahl method (AOCS Ba4d-90). The amount of moisture present in the protein samples was measured by drying (in triplicate) 10 g of the protein powder at 110 o C for 24 hours, dividing the difference in mass by the original powder weight, and multiplying by 100%. Figure 1 represents the nitrogen solubility curve of the unmodified mustard PPI. Each point on the graph represents an average of three replicates. As with all experimental results from this point on, the error bars in the graph represent the standard deviation. In some graphs, the error bars are difficult to discern as some of the standard deviation values were small. The pH affects the charge and electrostatic balance between protein molecules and between the protein and the solvent. At pH values higher than the isoelectric point (in the basic pH range), proteins carry a net negative surface charge; at pH values lower than the pI (in the acidic pH range), proteins carry a net positive surface charge. This results in an increase in protein solubility as the protein surface charge enables the protein to interact with the neighboring water molecules and protein chains carrying electrical charges of the same sign will repel each other and expand or dissociate, thus promoting dispersibility (Charalambous & Doxastakis, 1989; Cheftel et al., 1985; Buzagh, 1937) . Near the isoelectric point, the net surface charge of the protein approaches zero and solubility reaches a minimum (Charalambous & Doxastakis, 1989) . The nitrogen solubility minimum for the PPI was observed at pH 4 to 4.5, consistently with the precipitation pH. Mustard contains an array of different proteins, each with its own pI. For this reason, only 50-75% of the protein can be precipitated at a single pH. www.ccsen
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the nitrogen ppeared to hav r levels of 0.6 mended by CP , which has be e pectin-protei week. While th ear solution. Vol. 4, No. 6; 2015 protein solubility with increased pH in this range. The Alcalase hydrolysis treatment proved to be successful in increasing PPI nitrogen solubility from 35% to 65% at pH 2 and from 15% to almost 70% at pH 3.5, near the isoelectric point of the untreated protein. The transglutaminase treatment decreased the solubility of PPI at pH 3 by ~5-10% over a span of concentrations ranging from 0.00001 to 0.1 g of Tgase / g isolate (reaction conditions: 55 o C, 2.5 h, pH 6.5). This concentration range represents the acceptable range of concentrations for Tgase enzymes in industry (Ajinomoto Food Ingredients LLC, 2007) . The Tgase-treated PPI was easier to pulverize and resulted in a finer powder. Consistently with the literature, the product was lighter in colour than both Alcalase-treated PPI and unmodified PPI.
To determine if Tgase had an effect on the solubility of Alcalase-hydrolyzed PPI, two more experiments were conducted. For each experiment, PPI that had been lyophilized after being hydrolyzed with Alcalase (5 h, 0.04 g of Alcalase preparation / g PPI, 50-55 o C, 8.5) was treated with Tgase for several treatment times and concentrations. Again, the resulting solubility of each treated powder was determined at pH 3. The amount of Tgase used for this first hydrolysis/cross-linking combination experiment was 0.1 g of Tgase preparation / g of system protein, which represents the maximum concentration that would be used in an industrial setting. These results also indicated a loss in solubility. The solubility of the control hovered at ~75% while the solubility of Tgase-treated PPI was 20 to 25% lower. Interestingly, the Tgase decreases the solubility of the PPI to a minimum level after as little as 30 minutes of treatment time. After that time, it appears as though www.ccsenet.org/jfr Journal of Food Research Vol. 4, No. 6; 2015 additional Tgase treatment has no effect (see Table 1 ). This may have been due to the inactivation of the enzyme at the reaction pH and temperature. Alternatively, the degree of substrate saturation of the enzyme may have fallen over time as the concentration of product increased. The second hydrolysis/cross-linking combination experiment consisted of treating Alcalase hydrolyzed PPI with Tgase at several concentrations (from 0.00001 to 0.1 g of Tgase preparation / g of system protein) for 2.5 hours (see Table 2 ). Again, the solubility of the treated PPI was 15 to 25% lower than the solubility of the control. It is clear from the results that Tgase is not an effective method for improving the solubility of the PPI at this pH, as it decreases the solubility of both unhydrolyzed and hydrolyzed PPI over a broad range of treatment concentrations and times. The final solubility of PPI that is treated with both Tgase and Alcalase is still higher than that of the unmodified PPI. Since Tgase improved the isolate's taste and colour, its use may still be justified in some cases.
Conclusions
The project demonstrated that solubility of isoelectrically precipitated mustard protein isolate (PPI) could be significantly increased by treatments acceptable to the food industry. The most promising treatment investigated in the study was Alcalase hydrolysis, which resulted in nitrogen solubility of ~70% in the pH range of 2.5 to 3.5. The results suggest that the current protein isolation process could be modified to include hydrolyzation of the PPI after it is recovered by the isoelectric precipitation, centrifugation, and washing steps. This wet cake could then be re-suspended and hydrolyzed. After treatment, the solubilized protein could be separated from the insoluble fraction by an additional centrifugation and washing step. The solution of the hydrolyzed PPI protein would then be mixed with the SPI solution and recovered after ultrafiltration, diafiltration, and drying. The insoluble fraction of the PPI would be dried and sold as PPI. This processing change would increase the yield of soluble protein isolate from 0.16 kg to 0.75 kg while decreasing the yield of less valuable PPI from 0.84 kg to 0.25 kg, per kilogram of mustard protein. The treatment for increasing the yield of SPI could increase the value of the mustard protein isolates produced with the process by ~30% to 120%, and would provide a novel protein suitable for inclusion in acidic or carbonated beverages.
